Although vinyl chloride is an established cause of liver angiosarcoma, the evidence is inconclusive on whether it also causes other neoplastic and nonneoplastic chronic liver diseases as well as neoplasms in other organs. Furthermore, the shape of the dose-response relation for angiosarcoma is uncertain. We have extended for approximately 8 years the mortality and cancer incidence follow-up of 12,700 male workers in the vinyl chloride industry in four European countries. All-cause mortality was lower than expected, whereas cancer mortality was close to expected. A total of 53 deaths from primary liver cancer (standardized mortality ratio 2.40, 95% confidence interval ϭ 1.80 -3.14) and 18 incident cases of liver cancer were identified, including 37 angiosarcomas, 10 hepatocellular carcinomas, and 24 liver cancers of other and unknown histology. In Poisson regression analyses we observed a marked exposure response for all liver cancers, angiosarcoma, and hepatocellular carcinoma. The exposure-response trend estimated for liver cancer in analyses restricted to cohort members with cumulative exposures of Ͻ1,500 parts per million-years was close to that estimated for the full cohort (relative risk of 2.0 per logarithmic unit of cumulative dose). No strong relation was observed between cumulative vinyl chloride exposure and other cancers. Although cirrhosis mortality was decreased overall, there was a trend with cumulative exposure. (EPIDEMIOLOGY 2001;12:710 -718) 
The current study is an update of mortality and cancer incidence among individuals included in the European Multicentric Cohort Study of Workers in the Vinyl Chloride Industry. 1, 2 The first analysis of the study found a nearly threefold excess of liver cancer with 24 observed and 8.4 expected [standardized mortality ratio (SMR) ϭ 2.86, 95% confidence interval (CI) ϭ 1.86 -4.25]. Excess liver cancer was clearly related to time since first exposure, duration of employment, and estimated ranked and quantitative exposures. No strong association was observed with any other cause of death or incident cancer. The analysis of the updated study was designed to evaluate a number of issues, including the possibility that vinyl chloride (VC) induces hepatocellular carcinoma as well as angiosarcoma; the exposure-response relation between cumulative VC exposure and liver cancer/angiosarcoma, especially at lower cumulative exposures; the potential associations of brain cancer, lung cancer, soft-tissue sarcoma, non-Hodgkin's lymphoma and malignant melanoma with VC exposure; the potential association between exposure to VC and nonmalignant respiratory disease; and the potential association between VC exposure and deaths from nonmalignant liver disease. Detailed results are published in an IARC Internal Report, 3 which can be obtained from the corresponding author.
Subjects and Methods
This multicentric study was conducted in four countries (Italy, Norway, Sweden, and the United Kingdom); results for most of the national study cohorts have been published previously. 4 -16 The study includes a total of 19 factories (Table 1) ; vital status has been updated for 17 factories, and incidence data are available for 13 factories in three countries (Norway, Sweden, and the United Kingdom). The years through which incidence and mortality have been updated range from 1993 through 1997.
In the majority of these factories there is mixed VC monomer (VCM)/polyvinyl chloride (PVC) production (11 factories), two produce VCM only, five produce PVC only, and one is a PVC-processing plant. Analyses were carried out for 12,700 male workers with at least 1 year of employment. The observation period began in 1955 (the year for which reference rates are first available) for all factories, except for three factories for which the start of the observation period was as follows: factory 1 in Italy, 1972; factory 3 in Italy, 1974; and factory 2 in Sweden, 1961.
Of the total 12,700 persons in the analysis, 9,688 (76.3%) were alive (ranging by country from 66% to 89%), 2,665 (21.0%) were deceased (ranging by country from 10% to 33%), 63 (0.5%) were lost to follow-up, and 284 (2.2%) had emigrated (these individuals were traced until date of emigration).
Age-and calendar period-specific (males only) national (that is, for each country) mortality rates from the World Health Organization database (www.who.int/whosis/mort/ or www-dep.iarc.fr/dataava/globocan/who.htm) have been used as the reference for the SMR analysis. Similar incidence rates from cancer registries were used for the incidence analysis. 17 We searched for the best evidence for diagnosis of liver cancers by reviewing all available documentation, including death certificates, cancer registry records, medical records, and listings of angiosarcoma cases from several registries. 18, 19 We used the best-evidence diagnosis to classify liver cancers for internal Poisson regression analyses only. Person-years at risk were calculated using a modified life-table approach. 20 The ratio of observed to expected deaths gives the SMR or the standardized incidence ratio (SIR); 95% CIs for the SMR or SIR are calculated using a Poisson distribution.
We examined mortality according to time since first employment (TSFE), calendar period of hire, and age at hire. Exposure variables are employment as an autoclave worker (ever/never/undetermined), duration of employment, ranked level of exposure (RLE), and cumulative exposure in parts per million (ppm)-years to VCM in air. The reason to focus on autoclave workers stems from reports on very high peaks of exposure experienced by these workers. Autoclave workers were exposed to unreacted monomer when reactors were opened for cleaning. Workers were also lowered into reaction vessels to clean them manually, and were exposed to peak VCM exposures of several thousand ppm. That practice was phased out in the late 1960s and the 1970s after the identification of acroosteolysis among autoclave cleaners. 21 With the exception of two factories, employment histories were not updated beyond the original data collected, 2 and therefore, the original work histories were used in the analysis. As a result, duration of employment will be underestimated for workers who were employed at the time of the original follow-up. Other VC exposure parameters should not be greatly affected by the censoring of work history data because exposures to VC in the study plants were estimated to be 1 ppm for all jobs from 1976 through 1988. Details of the job exposure matrix (JEM) were published previously.
1 Calendar period-specific JEMs were provided by industrial hygienists for 13 of the 19 factories. Jobs We examined mortality from 15 categories or causes of death, in addition to the eight causes specified to be of a priori interest. Cutpoints for TSFE, duration of employment, cumulative exposure, and calendar period at hire were based on dividing the distribution of observed deaths from all causes into approximately equal quintiles. For liver cancer and cirrhosis of the liver, the cutpoints for cumulative exposure based on all observed deaths resulted in more than two-thirds of the deaths falling into the highest two exposure categories. To better characterize exposure response for these causes of death, we redefined cutpoints such that an equal number of observed deaths fell into each of five categories. We conducted Poisson regression analysis to assess the contribution of several variables simultaneously. We included calendar time and age at risk in all of the Poisson regression models. For cancers of a priori interest, we conducted internal exposure-response analyses for incident and deceased cases combined. For liver cancers and angiosarcomas of the liver, we also stratified by dose to understand better the overall shape of the exposure response and the exposure response at lower levels of exposure. For all liver cancer this stratification was achieved by creating 13 exposure categories with four to five observed cases per stratum. For angiosarcomas we combined the lowest two dose categories because no death was observed in the lowest category. In addition to categorical analyses in which we estimated relative risks (RRs) for each exposure stratum, we created a continuous exposure variable using the midpoints of the exposure range in each stratum. For the highest dose stratum, the midpoint was determined from the distribution of cumulative doses for individuals who reached that stratum. In modeling risk, we considered three models: (1) log linear [RR ϭ exp(B*cumexp)], (2) log linear with log transformed exposure [RR ϭ exp(B*log cumulative exposure)], and (3) additive [RR ϭ (1 ϩ B cumexp)]. We evaluated the fit of each model from its deviance, and we retained model 2 because it had the best fit. We present individual RRs for categories of cumulative exposure, as well as continuous RRs and CIs based on model parameters in Figures 1 and 2 . We calculated the latter continuous RRs assuming that risk in the exposed occurs above a baseline risk equal to the baseline risk in the categorical analysis (that is, risk in the lowest or reference group). By using the same reference category, we made the continuous RRs comparable with the categorical RRs.
The rate difference is another useful measure for evaluating exposure response, especially when the baseline risk is extremely low, as is the case for angiosarcoma. In calculating rate differences, we examined the same five dose categories shown in Table 2 , except that a baseline category (Ͻ287 ppm) was created with no case of angiosarcoma. We calculated crude and standardized rates of liver cancer and angiosarcoma using seven age and four calendar time strata. We also calculated rate differences and 95% CIs.
Results
For the 12,700 subjects included in the analysis, the mean length of follow-up is 29 years, and 80% of cohort members have been traced for 15 or more years. The total number of person-years at risk accumulated by the cohort is 324,701. Mortality from all causes is decreased (2,664 deaths; SMR ϭ 0.85, 95% CI ϭ 0.82-0.88), whereas mortality from all malignant neoplasms is close to that expected (883 deaths; SMR ϭ 0.99, 95% CI ϭ 0.93-1.06) ( Table 3) . Fifty-three deaths from liver cancer were observed in the updated study compared with 24 in the original study. The increase in SMR for liver cancer is less pronounced [2.40 (95% CI ϭ 1.80 -3.14) in the current analysis and 2.86 in the original analysis]. Among other causes of death of a priori interest, there was no marked excess (Table 3) , nor was any overall excess or exposure-response trend noted in non-a priori causes of death. In the cancer incidence analysis, there were 760 cases observed, and 896 expected, for a SIR of 0.85 (95% CI ϭ 0.79 -0.91) ( Table 4 ). Among 20 cancer sites for which reference rates are available, the only notable result was a slight excess of thyroid cancer based on seven cases (SIR ϭ 2.21, 95% CI ϭ 0.89 -4.55).
LIVER CANCER AND ANGIOSARCOMA OF THE LIVER A total of 71 cases of liver cancer were identified on the basis of best evidence and used in the internal analysis (all SMR analyses were restricted to 53 cases identified from death certificates). In addition to the 62 cases identified in the mortality or cancer incidence followups, 9 cases were identified from other sources, including 5 cases identified from linkage with the angiosarcoma registry maintained by the Association of Plastics Manufacturers in Europe. 19 The 71 cases of liver cancer comprised 37 angiosarcomas, 10 hepatocellular carcinomas, 7 cases of other known histology, and 17 cases of unspecified type of liver cancer.
Liver cancer mortality was elevated in the Italian (SMR ϭ 1.63, 95% CI ϭ 1.01, 2.50), Swedish (SMR ϭ 2.86, 95% CI ϭ 1.37-5.26), and United Kingdom (SMR ϭ 3.91, 95% CI ϭ 2.42-5.97) cohorts, with only one liver cancer death observed in the Norwegian cohort (SMR ϭ 2.62, 95% CI ϭ 0.07-14.6). Liver cancer mortality was elevated in PVC production (SMR ϭ 2.28, 95% CI ϭ 1.09 -4.18) and mixed VCM and PVC production plants (SMR ϭ 2.85, 95% CI ϭ 2.05-3.87), but not in the VCM production and PVC-processing plants, each of which had fewer than two expected liver cancer deaths. Among persons hired in 1964 or later, liver cancer mortality was only slightly increased (SMR ϭ 1.22, 95% CI ϭ 0.61-2.18); however, 4 of the 11 liver cancer deaths in this category were angiosarcomas. Among 25 liver cancer deaths among former autoclave workers, there were 16 angiosarcomas, 1 hepatocellular carcinoma, and 7 liver cancers of other or unknown histology.
In the Poisson regression analysis of liver cancer, we found strong positive trends for TSFE, duration of employment, and cumulative exposure (Table 2) , and we found negative trends for later calendar period of hire and later age at hire, when these were included in models as the only predictor variables (data not shown). TSFE, calendar period of hire, and age at hire were not confirmed to be important predictors when included in models with cumulative exposure. When we further subdivided cumulative dose into 13 categories, we found a fairly monotonic increase in rate ratios, with an RR of 82 (95% CI ϭ 21-323) in the highest-dose category of Ͼ18,300 ppm-years. When we used the midpoints of the dose categories to model dose as a continuous variable, the (natural) logarithmic transformation of cumulative exposure provided the best fit ( Table 5 ). The RR for one logarithmic unit of cumulative exposure was 2.0 (95% CI ϭ 1.7-2.4). Figure 1 shows the estimated categorical rate ratios for cumulative exposure and liver cancer along with the continuous curve and CIs estimated from model parameters. When exposure response was estimated for only the 37 angiosarcomas in a model including 12 dose categories (Figure 2) , the RR for a logarithmic unit of cumulative exposure was 2.9 (95% CI ϭ 2.2-3.9). It is not possible to calculate an SMR or SIR for angiosarcoma, because age-and calendar time-specific reference rates are not available. The incidence of angiosarcomas of the liver with unknown etiology in the general population is estimated to be about 0.1 per million population per year. 22, 23 The reference group in the Poisson regression analysis shown in Table 2 , with 4 angiosarcomas among approximately 200,000 person-years (about 2 per 100,000), therefore has an approximately 200 times greater risk of angiosarcoma than the general population. Table 6 presents crude and age-adjusted rates, as well as rate differences and CLs for angiosarcomas and liver cancers by dose category, defined so that there is no angiosarcoma case in the 0 -286 dose category.
There are 28 liver cancer deaths that are not known to be angiosarcomas, an excess of approximately 5 deaths over the expected number. If angiosarcoma deaths are excluded, the resulting SMR is approxi- Table 2 . Marked trends were found for TSFE, duration of employment, and cumulative exposure; the RR for "ever-work" as an autoclave worker was 2.97 (95% CI ϭ 0.80 -11.1).
To examine exposure-response trends at low doses, we conducted a separate analysis among individuals who had cumulative exposures Ͻ1,500 ppm-years, an arbitrary cutpoint that yielded 20 liver cancer cases on the basis of best evidence and is equivalent to approximately 30 ppm exposure for 45 years. The SMR, based on 16 liver cancer deaths, was 1.31 (95% CI ϭ 0.75-2.13). The results of the Poisson regression analysis are shown in Table 5 . The RR for one logarithmic unit of cumulative exposure was 2.0 (95% CI ϭ 1.3-3.0), which is nearly identical to the result obtained when analyzing the full cohort. There also appeared to be a strong exposure-response trend in the categorical analyses for the seven angiosarcomas that occurred among persons with Ͻ1,500 ppm-years of cumulative exposure (data not shown), but the continuous models did not converge.
OTHER MALIGNANT NEOPLASMS
The overall SMR for brain cancer (N ϭ 24; SMR ϭ 0.93, 95% CI ϭ 0.60 -1.39) has decreased slightly compared with the previous analysis (N ϭ 14; SMR ϭ 1.07, 95% CI ϭ 0.59 -1.80). There is no trend in SMR with respect to RLE, TSFE, duration of employment, cumulative exposure, or calendar period of hire. The SMR for brain cancer (1.02) among ever-autoclave workers was similar to that among never-autoclave workers (0.91). In the Poisson regression analyses we saw no monotonic trend, although the RR was elevated in the middle-dose category of cumulative dose (RR ϭ 3.45, 95% CI ϭ 0.94 -12.6) ( Table 7) .
The SMR for lung cancer in the current mortality analysis (SMR ϭ 0.95, 95% CI ϭ 0.84 -1.07) is virtually identical to that in the previous analysis (SMR ϭ 0.97, 95% CI ϭ 0.82-1.14). There is little association between VC exposure and lung cancer mortality, as estimated by RLE, duration of employment, cumulative exposure, or ever/never autoclave work.
The SMR for lung cancer was 1.47 (95% CI ϭ 0.80 -1.47) in VCM production and 1.43 (95% CI ϭ 0.85-2.26) in PVC processing. In the Poisson regression analyses, negative trends were suggested with increasing TSFE, duration of employment, and cumulative exposure ( Table 7) . We saw no trend with increasing cumulative exposure for persons who had ever worked as packers and baggers, among whom there were 53 lung cancer deaths. There was, however, a trend with increasing cumulative exposure among persons who had only worked as packers and baggers, including 30 lung cancer deaths (data not shown).
There were a total of six deaths from tumors of the connective tissue (soft-tissue sarcoma) observed in the study, yielding an SMR of 1.89 (95% CI ϭ 0.69 -4.11). In the best-evidence analysis for liver cancer, however, it became apparent that three of the six deaths coded as tumors of the connective tissue were actually angiosarcomas of the liver, the primary site of which had been miscoded (these cases were included in the Poisson regression analysis as liver cancers).
The overall SMR for non-Hodgkin's lymphoma of 1.19 (N ϭ 18, 95% CI ϭ 0.78 -1.75) is decreased from that in the previous study (SMR ϭ 1.70, 95% CI ϭ 0.69 -3.71). The SIR is 0.78 (95% CI ϭ 0.48 -1.21) based on 20 cases. Among the four countries, Italy has the highest SMR, 1.86 (95% CI ϭ 0.84 -3.54), and as in the previous study much of the excess is in the mixed production plants (SMR ϭ 1.52, 95% CI ϭ 0.96 -2.27). There is no clear trend with TSFE, duration of employment, cumulative exposure, or calendar period at hire. In the Poisson regression analyses, there appears to be some elevation in rate ratios above the baseline category of cumulative dose (Table 7) .
The present analysis found an excess in malignant melanoma mortality (N ϭ 15; SMR ϭ 1.60, 95% CI ϭ 0.90 -2.65), which was similar to that found in the previous study (N ϭ 7; SMR ϭ 1.63, 95% CI ϭ 0.65-3. 35 ). An excess in melanoma has previously been noted for the Norwegian cohort and found to be dose-related 7, 9, 16 ; in the present analysis, the SMR in the Norwegian cohort is 6.27 (95% CI ϭ 2.04 -14.6). An excess in melanoma mortality is also present in the Italian cohort (SMR ϭ 1.96, 95% CI ϭ 0.53-5.01). In both the SMR (Table 7) and Poisson regression (Table 7) analyses a trend of increasing risk with increasing VCM exposure was suggested. There is, however, no association with previous employment as an autoclave cleaner.
NONNEOPLASTIC DISEASES There was no excess in respiratory disease overall or in any subcategory of respiratory disease. Mortality from this group of diseases, however, was increased among Norwegian workers (SMR ϭ 2.51, 95% CI ϭ 1.08 -4.94). There were only three deaths from pneumoconiosis, with 5.07 expected. Detailed analyses conducted for "bronchitis, emphysema, and asthma" revealed no evidence of an association between VC exposure and these causes of death. There was a negative trend with duration of employment in both the SMR and Poisson regression analyses. The Poisson regression analysis suggested decreasing RRs with increasing cumulative exposure ( Table 7) . Respiratory disease mortality was not elevated among workers ever or only employed as packers and baggers, nor was there any trend with duration of employment for this job title or for cumulative exposure to VCM (data not shown).
Although there was a deficit in mortality from cirrhosis of the liver in the cohort overall (SMR ϭ 0.77, 95% CI ϭ 0.57-1.02), marked elevations in RRs were observed for all dose categories above the reference category in the Poisson regression analysis. The SMR for cumulative exposures of Ͻ524 ppm-years (the reference group in the Poisson regression analysis) is 0.31 (95% CI ϭ 0.13-0.61), whereas the SMR for exposures of 524 or more ppm-years is 1.30 (95% CI ϭ 0.9 -1.8). Thus, the Poisson regression results are not as inconsistent with the SMR results as they might appear. The deficit in liver cirrhosis is largely due to the Italian cohort, which had 2 observed and 15.17 expected deaths in this category.
Discussion
The results of the updated study are generally consistent with the original study with respect to liver cancer and angiosarcoma. A strong relation is observed between 24, 25 Furthermore, thorotrast, which is another major cause of angiosarcoma in humans, is also a cause of hepatocellular carcinoma. 26 In addition, cases of hepatocellular carcinoma, together with angiosarcoma, have been reported among workers highly exposed to VC. [27] [28] [29] A recent study has found mutations of the p53 gene in 11 of 18 hepatocellular carcinomas in patients with VC exposure 30 ; p53 mutations have also been noted in VC-related angiosarcomas. 31 The quantitative exposure-response data generated in this study have several limitations. The exposure matrix has characterized exposures for broad categories of jobs and time periods, and therefore the cumulative exposure estimates generated for individuals may be quite imprecise. Furthermore, for the majority of the cohort, we have not updated the occupational history beyond the late 1980s, when the data were collected. Nevertheless, given the strong decrease in exposure levels that occurred after 1975, it is unlikely that this omission would have any practical influence on the exposure variables, with the exception of duration of exposure. The cumulative exposures estimated for the majority of the cohort are considerably higher than those that would result from exposure levels permitted under current occupational standards, which range from 1 to 7 ppm as a time-weighted average. Risk assessments for occupational exposures base their calculations on 45 years of working life, for which an average exposure of 5 ppm would yield a cumulative dose of 225 ppm-years. The observation of six angiosarcomas among workers with estimated cumulative exposures Ͻ1,500 ppm-years and the clear exposure response observed in this study at cumulative exposures Ͻ1,500 ppm-years suggest that an increased risk of angiosarcoma may be present at cumulative VC exposures within an order of magnitude of those permitted by current standards. The apparent discrepancy in the magnitude of the SMRs for angiosarcoma (estimated 200-fold) and liver cancer (one-to twofold) is explained by the very low rate of the former neoplasm in the reference population.
Brain cancer was of a priori interest on the basis of findings in some prior studies. [32] [33] [34] Evidence for an association of brain cancer with VC exposure in the current study was generally negative. Lung cancer was also of a priori interest on the basis of a summary analysis of VC-exposed cohorts, 34 but the findings in the current study provide no evidence of a lung cancer excess in the total cohort. A possible association between VC polymer dust exposure and lung cancer has been suggested by some early studies [33] [34] [35] as well as a recent investigation of PVC baggers in a VCM-PVC manufacturing plant in Italy (SMR ϭ 1.39, 95% CI ϭ 0.75-2.36).
14 The present study does not provide estimates of exposure to PVC dust and therefore no firm conclusion can be drawn with respect to lung cancer risk due to inhalation of the polymer. Nevertheless, when analyses were restricted to individuals who had only been employed as packers and baggers, there was a trend for lung cancer with increasing cumulative VCM exposure. It is important that lung cancer mortality among workers potentially exposed to PVC dust be examined in cohorts where exposure measurements for PVC dust are available. 36 One study of a large U.S. cohort of workers exposed to VC reported an SMR of 2.7 for soft-tissue sarcoma (95% CI ϭ 1.4 -4.7) based on 12 deaths; this excess was associated with longer duration of employment. 37, 38 The finding from the current study that three of the six observed deaths from soft-tissue sarcoma were actually angiosarcomas of the liver suggests caution in the interpretation of results on soft-tissue sarcoma among VC workers based on death certificate information only.
The data from this study do not provide strong support for an association between VC exposure and nonHodgkin's lymphoma, nor are the results consistently negative. The evidence for an association of VC exposure with malignant melanoma is stronger than that for non-Hodgkin's lymphoma, but the data are also limited for this relatively rare cause of death.
A new finding of the updated study is increased mortality from cirrhosis of the liver associated with moderate to high levels of VC exposure, although in part this pattern is explained by the extremely low SMR in the reference category owing to a large deficit in cirrhosis in the lowest exposure category in the Italian cohort. The areas where the Italian factories are located have elevated rates of liver cirrhosis, and it may be that the deficit in the lowest VC exposure category is explained by a "healthy worker effect," in particular by selecting out of the workforce heavy drinkers. This unusual pattern nonetheless detracts from a causal interpretation of the finding. Numerous case reports and cross-sectional studies have documented VCM-induced hepatic disease associated with high exposures. 21 Increased mortality from liver cirrhosis has been observed among ever-autoclave workers 14 and among VCM manufacturers. 15 Only a few studies of occupational cohorts exposed to acute hepatotoxins (carbon tetrachloride, chlorinated naphthalenes, or other solvents) have demonstrated increased cirrhosis mortality, suggesting persistent subclinical injury after high exposures. 39 -41 Our study found no evidence of increased mortality from all diseases of the respiratory system; pneumoconiosis; or bronchitis, emphysema, and asthma, nor was there any indication of increased respiratory disease mortality among workers in curing, packing, and blending jobs. Prior cross-sectional studies have found pneumoconiosis, pulmonary function abnormalities, and in-creased respiratory symptoms among workers exposed to PVC dust. 36, [42] [43] [44] [45] Our findings do not contradict the cross-sectional studies, as it is possible that the respiratory effects of VC or PVC dust exposure are unlikely to lead to death or that the categories of respiratory disease-related death are too broad to detect a more specific outcome.
